We describe the expression of three Runt-related RUNX genes (previously termed AML, Cbfa, or Pebp2a) Runx1 and Runx3 during the development of teeth and other craniofacial tissues and compare them to Runx2 expression reported earlier. All three genes were expressed in mesenchymal condensates. Runx1 was expressed in several cartilage primordia earlier than Runx3, and Runx2 was intense in all mesenchymal condensations of bones and teeth. Only Runx1 was expressed in epithelia, and in tooth germs transcripts were detected in outer dental epithelium. Runx1 was also intensely expressed in the midline epithelium of palatal shelves. In early tooth morphogenesis Runx3 was coexpressed with Runx2 in a thin layer of mesenchymal cells underlying dental epithelium. Unlike Runx2, Runx3 was expressed in odontoblasts. However, Runx3 mutant mice did not show obvious tooth phenotype or deviations of Runx1 and Runx2 expression patterns in the tooth. q
Results and discussion
The three mammalian Runx genes encode transcription factors sharing a conserved region of 128 amino acids termed the runt domain (RD) (reviewed in Ito, 1999; Wheeler et al., 2000) . Runx1 (Aml1/Cbfa2/Pebp2aB), Runx2 (Aml3/ Cbfa1/Pebp2aA), and Runx3 (Aml2/Cbfa3/Pebp2aC) have been associated particularly with the development of hematopoietic and skeletal tissues (reviewed in Werner et al., 1999; Ducy, 2000; Komori, 2000; Karsenty, 2001; Speck, 2001) . Runx2 is necessary for bone and tooth formation and its expression is largely restricted to osteoblasts and mesenchymal condensations forming bones, cartilages and teeth (Komori et al., 1997; Otto et al., 1997; D'Souza et al., 1999) . The previous analysis of Runx2 expression and function in teeth indicated that it is expressed in dental mesenchyme, and is regulated by epithelial signals and needed for epithelial morphogenesis (D'Souza et al., 1999) . Teeth develop as epithelial appendages in which epithelialmesenchymal interactions regulate morphogenesis (Thesleff and Å berg, 1999; Thesleff, 2000) , and Runx2 appears to function in the mediation of these interactions.
In this study we have analyzed the expression of Runx1 and Runx3 by in situ hybridization in developing teeth and other craniofacial tissues and compared them to the expression of Runx2. Intense expression of Runx1 and Runx3 has earlier been reported in hematopoietic cells in adults (Levanon et al., 1994) . Expression has also been observed in some other tissues including hair and whisker follicles which, like the teeth, develop as epithelial appendages. In these tissues Runx1 expression was restricted to epithelium, while Runx3 was confined to mesenchyme, suggesting that the genes are involved in the epithelial-mesenchymal interactions (Levanon et al., 2001) .
The early development of several craniofacial bones and cartilages is evident in frontal sections of embryonic day 13 (E13) heads (Fig. 1) . As earlier reported Runx2 expression was intense in the mesenchymal condensates of forming bones and teeth (Otto et al., 1997; D'Souza et al. 1999; Fig. 1B) . Runx1 was coexpressed with Runx2 in the condensates of future frontal and maxillary bones (Fig. 1A) . Runx1 was expressed also in craniofacial cartilages. This correlates with the previously reported strong signals for b-galactosidase activity in facial structures observed in Runx1 1LacZ whole embryos at E14.5 (Levanon et al., 2001 ). The Runx1 expressing regions extended from the nasal septum cartilage, Meckel's cartilage and the ala orbitalis to the nearby developing bone. In the developing mandibular bone at E13 and E14 it was of interest that Runx1 overlapped with Runx2 only in the mesenchyme that extends from the perichondrium of Meckel's cartilage, but not in the mesenchyme expanded from ossified mandibular bone (Fig. 2D,E 
,G,H).
Runx3 transcripts were observed moderately in Meckel's cartilage and weakly in other craniofacial cartilages (Fig.  1C) . After E13, Runx3 expression in the craniofacial cartilage was upregulated while Runx1 expression was gradually downregulated (data not shown). Runx3 was also observed in the osteogenic regions and ossified bone like Runx2. These findings are in line with previous results that Runx1 is expressed in immature chondrocytes and Runx3 in prehypertrophic or hypertrophic chondrocytes (Levanon et al., 2001) .
In the developing tooth (Fig. 2) , Runx2 expression was strong in dental mesenchyme during bud and cap stages and is subsequently downregulated at the bell stage in the dental papilla. It was absent from odontoblasts but remained intense in the dental follicle mesenchyme surrounding the tooth germ (Fig. 2B ,E,H,I; D 'Souza et al., 1999) . On the contrary, Runx1 expression was restricted to epithelium, and was detected in the dental epithelium of the bud and cap stage tooth germs at E13 and E14 ( Fig.2A ,D,G). It was localized only in the buccal aspect of the dental epithelium both in upper and lower molars. Runx1 is a possible nuclear target of BMP signaling (Hanai et al., 1999) , and Bmp4 is also expressed asymmetrically in buccal dental mesenchyme at this stage of tooth development (Å berg et al., 1997) . At E16, Runx1 expression extended to the lingual side of the outer dental epithelium, but at E18 it was downregulated and weak expression remained in the outer enamel epithelium ( Fig.  2M ,P). Some localized expression was observed in ameloblasts in postnatal molars (Fig. 2P ). Runx3 expression, like that of Runx2, was confined to mesenchymal tissues. It overlapped that of Runx2 in few layers of dental mesenchyme cells directly underlying the dental epithelium (Fig.  2C ,F,I,L). Since both genes have Runx binding sites in their promoter regions (Levanon et al., 1998) , it is possible that they have a cross-regulation between them. Unlike Runx2, Runx3 expression persisted in odontoblasts and was particularly intense in the dental mesenchyme in the cervical loop of continuously growing incisor (Fig. 2L ,O,R).
The expression of Runx3 in odontoblasts was particularly interesting since odontoblasts deposit dentin, a hard tissue resembling bone. Runx2 is the key transcription factor regulating bone development and osteoblast function but it is not expressed in odontoblasts. Therefore it was possible that Runx3 has the same function in odontoblasts as Runx2 in osteoblasts. To explore this possibility we analyzed the tooth phenotype in newborn Runx3 mutant mice. Histological analysis revealed that Runx3 2/2 molars and incisors were normal in size and shape and their odontoblasts and ameloblasts were well differentiated (Fig. 3) . We analysed by in situ hybridization the expression of Runx1 and Runx2 in the Runx3 mutant teeth, but did not detect deviations from their normal expression patterns. This indicated that the other Runx genes do not compensate for the lack of Runx3 function in the mutants.
Runx1 was expressed in several epithelial tissues in the craniofacial area such as the salivary gland and olfactory epithelium. In the palatal shelf epithelium Runx1 showed an interesting temporal and spatial expression pattern (Fig.  4) . At E12 expression was weak in palatal epithelium. At E13 Runx1 was moderately expressed in the palatal shelf epithelium contacting the tongue (Fig. 4A,B) . At E14 prior to horizontalization of the shelves, the expression was more intense and localized to the tips of the shelves (Fig. 4C ) which will to T. Yamashiro et al. / Mechanisms of Development 119S (2002) S107-S110 S108 Fig. 1 . Expression of Runx1, Runx2/Osf2 and Runx3 in frontal sections of E13 mouse heads. (A) Runx1 showed strong expression in craniofacial cartilages and osteogenic regions in calvarial bones, maxilla and mandible (arrowheads) as well as in the eyelid mesenchyme. Runx1 was also observed in the epithelial tissues, such as dental epithelium, palatal epithelium, and olfactory epithelium. (B) Runx2 expression was restricted to osteogenic and odontogenic (arrows) mesenchyme. (C) Runx3 was intensely expressed in the eyelid mesenchyme and it was also observed in osteogenic regions and in Meckel's cartilage. fb, frontal bone; ns, nasal septum cartilage; nc, nasal capsule cartilage; mc, Meckel's cartilage, de, dental epithelium; dm, dental mesenchyme; t, tongue, mb, mandibular bone; ao, cartilage primordium of ala orbitalis; em, eyelid mesenchyme; oe, olfactory epithelium; ps, palatal shelf. Scale bar: 1000 mm.
contact in the midline at E14.5. At E16, after fusion of the palatal shelves and disappearance of the midline epithelium, Runx1 expression still persisted at the fusion site in the oral and nasal epithelia (Fig. 4D) . It was also expressed in the mesenchyme in the fusion area (Fig. 4D) , where epithelial remnants are sometimes seen, and the epithelium has also been shown to partly transdifferentiate into mesenchymal cells (Martinez-Alvarez et al., 2000) . Runx1 has been implicated as a nuclear target of transforming growth factor (TGF)-b signaling (Hanai et al., 1999) , and disruption of the Tgf-b3 gene results in cleft palate in mouse (Proetzel et al., 1995) . Interestingly, Runx1 shows similar expression as Tgf-b3 in the contact epithelium during palatal fusion (Fitzpatrick et al., 1990; Pelton et al., 1990 ).
Materials and methods
Heads or dissected mandibles of embryonic (E12, E13, E14, E16, E18) and postnatal (P2) NMRI mice were fixed in 4% paraformaldehyde for 24 h, decalcified in 12.5% EDTA for 3 weeks, and embedded in paraffin and serially sectioned. In situ hybridization using . Runx1 mRNA was detected in dental epithelium preferentially at the buccal aspect (arrowheads). Runx2 was intensely expressed in dental and osteogenic mesenchyme and downregulated completely in dental mesenchyme at E18. Runx3 was expressed weakly throughout dental and skeletal mesenchyme. Expression was intense in few cells directly underlying dental epithelium (arrows). Runx3 expression persisted in odontoblasts and in the mesenchymal cells in the cervical 1oop of the incisor. mc, Meckel's cartilage; de, dental epithelium; dm, dental mesenchyme; t, tongue, mb, mandibular bone; li, lingual side; bu, buccal side; am, ameloblasts; in, incisor; od, odontoblasts. Scale bar: 200 mm. processed for in situ hybridization. Mice deficient of functional Runx3 were generated by insertion of a LacZ/neo cassette into the first exon of the Runx domain as detailed in Levanon et al. (2002) .
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